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recent comparisons of multiple moderately related
species have been extremely powerful in the analysis of
simple genomes such as that of yeast. By comparing
the genomes of four related Saccharomyces species,
Kellis et al. not only revised the total count of yeast
genes, but more importantly, identified most of the
transcription-factor binding sites (TFBSs) in the yeast
genome7. A similar approach applied to complex
mammalian genomes indicates that multiple species
comparisons might be a more efficient approach to the
identification of putative functional elements than
human–mouse comparisons alone8 (BOX 1).

Two important issues, however, limit the use of this
‘middle of the strait’ approach to identifying functional
elements in the human genome. First, some functional
elements are certainly either human- or primate-specific,
and accordingly, will be missing from the genomes of
non-primates9. Second, the enormous degree of non-
coding sequence conservation that is found between
humans and mice is probably the consequence of non-
uniform rates of evolution across the human genome10.
This results in genomic sequences that still show a con-
siderable degree of similarity that reflects a slower
evolutionary rate rather than purifying selection11,12.

The comparisons of the human genome sequence
with those of extremely close (primates) and extremely
distant (non-mammalian vertebrates) species have
recently been demonstrated as an alternative to overcome
these limitations, providing important new insights. The
evolutionary distance between the species that are chosen
for sequence comparison largely determines what kind

In Homer’s classic, Odysseus is confronted with the
impossible task of steering his ship midway through a
narrow strait, flanked by two rocks. The slightest veer to
one side and he and his crew would be within reach of
the monster Scylla, with its six teeth-filled horrible
heads that can destroy anything within their reach.
Swerve to the other side, and they would now fall prey to
Charybdis, a whirlpool that sucks anything that comes
close enough down to the bottom of the ocean1.

Odysseus’ quandary over the route to take evokes a
contemporary dilemma that biologists face when they
attempt to use comparative genomics to identify func-
tional elements, such as genes, gene regulatory elements
and other less well-defined structural components of
the genome, buried in otherwise anonymous seq-
uences. If they compare species that are too closely
related, then the high degree of similarity between the
orthologous sequences will obscure the functional ele-
ments within them; by contrast, if they compare
species that are too distantly related, then the func-
tional elements will have diverged too much to be
readily identifiable2. Until recently, it was assumed
that comparing species that are separated by moderate
evolutionary times, such as non-primate mammals,
would represent an ideal strategy3,4.

The principle of ‘steering a middle course’ has cer-
tainly proved successful: comparative analyses of the
human and mouse genomes, which diverged from each
other approximately 75 million years ago, allowed much
better annotation of both these genomes than would
have been possible had only 1 been available5,6. Moreover,
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One obvious strategy would be to use species that 
are more distant from humans than mice, such as
non-mammalian vertebrates, to identify a subset of
sequences that are conserved over greater evolutionary
distances. A leading visionary in the field, S. Brenner,
proposed more than a decade ago that the compact
genome of the teleost pufferfish Fugu rubripes was ide-
ally suited as an innovative resource for deciphering the
human genome16. Given the extreme phylogenetic sep-
aration between fish and mammals, it was reasonably
assumed that only important functional sequences
would be conserved between genomes that are other-
wise so diverged. Brenner’s prophecy was convincingly
demonstrated with the completion of the sequencing
of the F. rubripes genome, after which its first compari-
son to humans immediately revealed more than 1,000
genes that had previously been unidentified in the
human genome17.

Although initial interest in F. rubripes focused on its
use as a gene-identification resource, the concept that
human–fish comparisons would be useful for identifying
cis-regulatory elements was not emphasized. These ele-
ments are generally plastic owing to their modular
structure18, which allows individual components, such
as TFBSs, to evolve independently. Nevertheless,Aparicio
et al. identified regulatory sequences in the vicinity of
Hoxb4 using mouse–F. rubripes comparisons19. Several
recent studies have confirmed that human–fish com-
parisons can efficiently facilitate the identification of
functional non-coding sequences.

One excellent example of how useful such compar-
isons can be is the use of human–F. rubripes comparisons
to reveal multiple regulatory elements around DACH,
a gene involved in embryonic development that has a
complex expression pattern (FIG. 1). In mammals, 2 large
GENE DESERTS surround DACH, so it is the only gene in a
2630-kb segment of the genome. Human–mouse com-
parisons of this interval revealed, in addition to con-
served exons, more than 1,000 conserved non-coding
sequences with >100 bp and 70% identity (an arbitrary
criterion of conservation that is frequently used as a rea-
sonable empirical significance threshold in many biolog-
ical studies). This large number of non-coding elements
makes it impractical to test individual conserved
sequences for biological activity. So, a comparison
between human sequence and that of several distant
vertebrates, including a frog and 3 fish, was carried
out, reducing the number of conserved non-coding

NEUTRAL RATE 

Genetic variation that does not
affect the fitness of the organism
is not subject to selection and
evolves at the neutral rate.

GENE DESERTS 

Gene-poor regions in the
genome that are larger than 500
kb. Gene deserts often contain
sporadic evidence of
transcription.

of functional elements can be identified. Only the most
constrained functional elements can be identified by
comparisons with distant, non-mammalian vertebrates.
Conversely, the study of primate-specific biological
functions is limited to comparisons that use primate
genomes.

Choosing species to be used in comparative gen-
omics represents a compromise, with benefits and limi-
tations that need to be recognized and weighed.
Understanding this principle, Odysseus ordered his
unsuspecting crew to steer the boat close to Scylla,
knowing that at least six hapless men would meet with
an awful fate, but preventing the entire crew from per-
ishing in the clutches of Charybdis. Fortunately, modern
day biologists are not presented with Odysseus’
dilemma. They are no longer offered only a single path,
but rather, several paths to choose from, stemming from
the sequencing of an increasing number of genomes.
Here, we focus on comparative genomics at the phylo-
genetic extremes, using vertebrate sequences that are
both closely related to and distant from Homo sapiens as
an alternative form of comparative genomics. We high-
light the sorts of insight that are offered by these strate-
gies, their potential and limitations, and outline our
vision of where the field of comparative genomics
might be moving in the near future.

Distant species comparisons 
One of the chief observations that immediately stemmed
from the sequencing of the mouse genome was the
unexpectedly large amount of conservation between
humans and mice: 40% of the human and mouse
genomes could be aligned at the nucleotide level12,13. On
the other hand, only approximately 5% of the human
genome (~150 Mb) seems to have evolved more slowly
than the NEUTRAL RATE, with more than half of these
sequences corresponding to non-coding sequences. A
few of these non-coding sequences — identified in the
portion of the human genome that could be aligned to
the mouse genome — have no detectable activity in
functional assays14. This indicates that the available
assays might be inadequate and/or that many of these
elements are indeed non-functional and are only
conserved across mammalian genomes owing to an
asymmetric rate of neutral evolution15.

So, how are biologists going to sift through this sea
of sequence conservation and prioritize those seq-
uences that are most amenable to functional analysis?

Box 1 | Comparisons of multiple, moderately related species

Increasing the number of species that are used in genome comparisons makes it progressively less probable that
sequences are conserved by chance, and helps in the identification of truly functionally conserved sequences to be
prioritized for experimental analysis. Conserved sequences can be identified using statistical approaches that are designed to
distinguish genomic regions that are evolving significantly more slowly than the local rate of neutral evolution7,15,74.
Researchers from the National Institutes of Health (NIH) Comparative Sequencing Program applied these methods to
the analysis of a 1.8-Mb interval from several mammalian species and identified many conserved non-coding sequences
that were not identified by human–mouse comparisons alone. Conserved sequences that are identified by multiple
species comparisons ultimately need to be studied experimentally to confirm their functional role. Frazer et al. recently
tested a subset of conserved sequences that were identified by multiple mammal comparisons and found that they were
significantly more likely to drive reporter gene expression and to bind to nuclear proteins than non-conserved sequences75.
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Enhancers conserved in distant vertebrates. The findings
that mammals and fish share orthologous regulatory
sequences that control the expression of orthologous
genes should not have been completely surprising, given
that they share many genes with similar tissue and tem-
poral expression characteristics17. Why, then, is only a
subset of the enhancers that are predicted to be shared
between mammals and fish detected in human–fish
alignments? One probable explanation is that simple
nucleotide-alignment tools are inadequate for detecting
many enhancers, and that tools that incorporate extra
constraints, such as clustering34,35, spacing36 and patterns
of evolution of TFBSs37, might be required. Another
possibility is that the enhancers that we do identify
using human–fish comparisons represent a subset with
uniquely rigorous structural and functional require-
ments. It is possible to imagine that these enhancers
might have particular architectural constraints that
prevent changes, such as inversions, insertions and
deletions or nucleotide substitutions, that are usually
tolerated by enhancers (BOX 2). This would preserve the
sequence identity of these enhancers in distantly related
genomes over a stretch of sequence that is large enough
to be detected by nucleotide-alignment tools.

A recent study of an enhancer that regulates the
expression of the homeobox HOXC8 gene, which is
conserved in humans and fish, provided evidence in
favour of this hypothesis. An inversion of a single TFBS
within this HOXC8 enhancer, which contains multiple
well-characterized TFBSs, results in the alteration of the
spatial expression of a reporter gene that is driven by
this enhancer38. Moreover, it seems that not only can the
spatial arrangement and size of TFBSs within enhancers
be conserved among distantly related species, but in

sequences to 32. An in vivo mouse transgenic assay on
nine of these elements showed that seven of them were
enhancers recapitulating several aspects of the endoge-
nous expression of DACH20. These results illustrate that
gene deserts can harbour sequence elements with
crucially important biological functions, and support
the idea that cis-regulatory sequences can affect gene
expression at near-megabase distances21–23. A surprising
characteristic of these 7 enhancers is their astonishing,
near-absolute degree of conservation between humans
and rodents: each enhancer contained a block of un-
gapped aligned sequence ranging from 250 to 530 bp
with a degree of identity ranging from 98% to 99.5%
between humans, mice and rats (BOX 2).

Several other studies have also shown that non-coding
sequences that are conserved between humans and fish
frequently correspond to elements with enhancer activ-
ity24–31. Although this does not exclude the possibility
that a large fraction of the sequences that are conserved
only among mammals are also enhancers, it does high-
light the practical use of distant species comparisons,
in that they maximize the likelihood of choosing
non-coding sequences for analysis with a measurable
biological activity.

Mutations in these non-coding sequences that are
conserved over long evolutionary periods can have an
important role as a basis for human disease. To this
end, it has been recently suggested that mutations
in an enhancer that is conserved between human
and F. rubripes causes a form of preaxial polydac-
tyly, a common limb malformation in children. This
enhancer regulates the topology of expression of sonic
hedgehog (Shh) in limbs, from a distance of 1 million
bp21,32,33 (FIG. 2).
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Figure 1 | Architecture of human–Fugu rubripes conserved non-coding sequences in the human genome. a | A 65-Mb
segment of human chromosome 13 is shown that contains 145 well-characterized RefSeq genes (exons in blue). There are 51
human–F. rubripes conserved non-coding sequences (CNSs) in this region, which are distributed non-uniformly in clusters that
contain 1–32 CNSs each (in purple). b | One cluster of human–F. rubripes CNS is illustrated in more detail. DACH — the only human
gene in this region — is involved in key aspects of embryonic development. c | Testing some of the non-coding sequences that are
conserved in humans and F. rubripes revealed that several of these elements correspond to enhancers in mouse embryos. In this
assay, the sequence being tested is cloned upstream of a β-galactosidase reporter gene. If the cloned sequence is an enhancer, it
will activate the reporter gene, which can be detected in an assay that stains the tissues that express β-galactosidase (in blue).
Adapted with permission from REF. 20. © (2003) M. A. Nobrega and E. M. Rubin.
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Clusters of conserved sequences. Another interesting
aspect of human–fish conserved non-coding sequences
is that they are predominantly found in clusters (FIG. 1).
So, why are non-coding sequences that are conserved
among evolutionarily distant species clustered around a
subset of genes and absent from the regions that contain
most genes? Most of the reported non-coding sequences
that are conserved between humans and fish are found

some cases, even the sequences of spacers that separate
these TFBSs have remained untouched throughout long
evolutionary periods. This extreme level of constraint
on sequence variation was found in an enhancer that
regulates the expression of HOX genes39. Therefore, it
seems that constraints, that are as yet unknown, might
be shaping the conservation of these non-coding
sequences over extended evolutionary periods.

Box 2 | Extreme conservation in enhancers that are shared by human and fish

The finding that some cis-regulatory
elements have almost identical sequences
over hundreds of base pairs in species as far
apart as humans and fish is surprising.
Regulatory elements are generally
composed of multiple transcription-factor
binding sites (TFBSs) that are arranged in
modules18. These modules are usually
separated from each other by sequences, the
length and identity of which are even more
degenerate and flexible that the TFBSs
themselves. As a result, regulatory
sequences can tolerate small insertions,
deletions or sequence substitutions.
Regulatory variants such as these are an
important source of phenotypic
evolution76. So, in species as distant as
humans and fish, it is more than reasonable
to assume that in almost half a billion years,
enough changes will have occurred within a
given orthologous regulatory element so
that even if these species still share this
regulatory unit, their sequence will have
diverged enough to render them ‘invisible’
to sequence-alignment tools.

Nevertheless, we can easily identify
conserved enhancers between humans and
fish. One of the reasons for this success is
the astonishing degree of conservation that
these sequences have retained over long
periods. For example, a core enhancer in an
intron in DACH is >98% identical for 350
bp in humans, mice and rats (see figure
displaying 120 bp of the sequence
alignment). Moreover, in the ~1 billion years of parallel evolutionary time that separates human, mouse, rat, chicken, frog and fish, only 6 substitutions
occurred in a 120-bp fragment that corresponds to an enhancer20, 4 of which occurred in the frog lineage alone, and none occurred in the mammalian
lineage.

Arguably, as astonishing as their degree of conservation is the fact that these sequences correspond to enhancers. Why are these regulatory elements
much more constrained than most other functional elements in the genome? Even if we picture a multi-modular enhancer, with overlapping modules
that each have several TFBSs located on top of one another, it is still hard to imagine that this would justify such a degree of conservation over stretches
of several hundred bases. It will be interesting to see what the functional investigation of these enhancers reveals, as to whether they have unique
architectural features or whether they use similar mechanisms for transcription activation as other classical enhancers.
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of the regulation of only a subset of genes in the genome.
Consequently, the analysis of genomes of species that are
evolutionarily closer to humans than fish will become
valuable for the identification of functional sequences
otherwise missed by human–fish comparisons. For
example, a recent analysis of MEF2C that compared
human and chicken sequences identified an enhancer
that regulates this gene’s expression, which cannot be
detected in human–fish sequence alignments43.

Clearly, comparisons that use sequences of species
from different evolutionary distances will bias the discov-
ery of functional sequences to those that regulate biologi-
cal features that are shared by the species being compared.
Many non-coding sequences with crucially important
roles will not be shared between human and F. rubripes,
including sequences that were lost in one species, seq-
uences that occurred in one lineage after the human and
fish most recent common ancestor and sequences that
have diverged beyond recognition. This highlights the
crucial importance of choosing an appropriately distant
model organism for the identification of cis-regulatory
sequences. The recent availability of genomes at interme-
diate distances between fish and placental mammals, such
as the frog Xenopus tropicalis and the chicken Gallus
gallus, and the planned sequencing of the opossum
Monodelphis domestica, will simplify the fine-tuning of
the choice of species for comparative genomic analysis
of any given gene.

Comparisons among primates
Comparisons between the genomes of closely related
species, such as human and non-human primates,
have been frequently dismissed as uninformative,
owing to their inherent high sequence similarity. The

near genes the products of which have pivotal roles in
embryonic development (TABLE 1). Such genes are
known to be highly constrained, with a conserved pat-
tern of expression among species across extreme evolu-
tionary distances40,41. It is therefore plausible that some
of the cis-regulatory sequences that control these genes
are similarly constrained to precisely preserve the
expression levels and patterns of genes that are crucial
for basic vertebrate development. The activity of some
of these enhancers that are involved in crucial steps in
early development might need to be so tightly con-
trolled such that even minute variations in activity
(resulting from, say, a single nucleotide substitution)
would be deleterious. However, it remains to be deter-
mined whether SNPs within these sequences occur at
much lower frequencies than in other functional
sequences of the genome. If this is the case, we might
predict that sequence variants within these elements
would markedly increase the likelihood of being associ-
ated with a phenotype. Recently, Haussler et al. have
reported that the frequency of SNPs in sequences that
are absolutely conserved between humans and rodents
(100% identity, >200 bp), most of which are also con-
served between humans and fish, is indeed several-fold
lower than in other genomic sequences42.

Limitations of distant comparisons. The unique features
of distant species sequence comparisons highlighted
above also point to some of the limitations that are
inherent in their usefulness in annotating the human
genome. The limited number of human–fish conserved
non-coding elements, and their clustering around a few
genes in the human genome, implies that most of these
conserved sequences will contribute to the understanding

VISTA 

A powerful tool for aligning the
genome and visualizing the
location of conserved sequences
(see online links box).
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Figure 2 | Sonic hedgehog expression in the limbs is regulated by an enhancer at a distance of 1 Mb. a | Human–Fugu
rubripes sequence comparisons, generated by VISTA, identify a conserved non-coding sequence in intron 5 of LMBR1 (red box),
which drives the expression of a reporter gene in a pattern that resembles the expression of sonic hedgehog (SHH) (arrows in b).
Insertional mutagenesis in this region in mice results in preaxial polydactly (arrows in c). In humans, mutations in this enhancer are
also associated with preaxial polydactyly (arrows in d). Adapted with permission from REF. 21. © (2003) Oxford University Press and
REF. 32 (1999) Elsevier Science Ltd.
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of regulatory elements, those that evolved de novo in
primates, is still not proved, but it is reasonable to assume
that the same sort of process that gives birth to new genes
subsequent to gene duplication46,47 can also give rise to
novel regulatory elements.

Comparisons of several closely related primates
would allow the identification of both types of en-
hancer. The paucity of sequence variation observed
among primate sequences, however, requires a different
approach from traditional pairwise comparative
genomics. Recently, an approach, dubbed PHYLOGENETIC

SHADOWING (BOX 3), was developed to reveal highly con-
served sequences, which often correlate with functional
regions9. The use of the phylogenetic shadowing
approach was most clearly illustrated in the analysis of
the regulatory sequence of LPA, a gene that contributes
to heart disease in humans. Human LPA is one of a
small set of genes that arose recently in the primate lin-
eage and is consequently found in only a subset of pri-
mates48,49. Accordingly, intra-primate comparisons are
the only comparative approach available to annotate
LPA. As expected, sequence comparisons between the
5′ region of LPA in pairs of primate species revealed
few sequence differences between non-functional reg-
ions and previously characterized functional regions.
However, the collective sequence variation in the same
region detected in 16 different primate genomes success-
fully revealed the location of numerous functional ele-
ments, including regulatory elements that were shown
experimentally to be involved in this gene’s expression9.
Although these ‘shadowing’studies included the sequence
from ten or more primate species, modelling of the data
indicated that sequences from as few as four non-
human primate species, carefully chosen to include
those least related to humans and to each other, can
provide comparable resolution.

few differences that have been detected between closely
related species, however, hide within their folds biologi-
cal insights that are not available from comparisons
between species separated by a longer independent evo-
lutionary history. In this section, we describe how com-
parisons among several primates have begun to reveal
sequences that are conserved among primates, and that
are in some instances missing in more distant species.
We also discuss how comparisons between humans and
their closest extant relative, chimpanzees, have allowed
the identification of human-specific changes in protein-
coding sequences.

Phylogenetic shadowing: to identify primate-specific
conserved sequences. Two categories of regulatory ele-
ment that are active in primates can potentially be iden-
tified through primate sequence comparisons, but are
undetectable in comparisons with non-primates: regu-
latory elements that arose in the primate lineage and
that are responsible for phenotypes unique to primates,
and elements that, despite being derived from a com-
mon ancestral sequence and directing similar functions,
have accumulated so many sequence changes that they
show little sequence similarity between moderately dis-
tant species. Elegant examples of the latter elements
have come from model organisms44,45. In a paradigmatic
analysis of the even-skipped enhancer in Drosophila
melanogaster and Drosophila pseudoobscura44, 2 species
for which the most recent common ancestor occurred
40–60 million years ago, Ludwig et al. clearly showed
that, although this enhancer drives the same detailed
expression pattern in both species, the underlying
sequences are highly dissimilar. In other words, the
sequence of the ancestral even-skipped enhancer has
gradually changed in the two fly species, whereas the
functional activity has not. The existence of the first type

PHYLOGENETIC SHADOWING 

An approach that combines
comparisons of sequences from
multiple, closely related species
with a molecular phylogenetic
model of sequence evolution to
identify significantly conserved
elements.

Table 1 | Genes in proximity to highly conserved non-coding sequences*

Gene Molecular function Biological process Reference

HOXB4 DNA-binding Embryonic development 19

WNT1 Signal transducer Embryonic development 79

SHH Hydrolase and peptidase Embryonic development 80,21

SCL (TAL1) DNA-binding Cell differentiation 29

SOX9 DNA-binding Cell differentiation 81

DLL1 Protein-binding Embryonic development 82

DLX1, -2, -5 and -6 DNA-binding Embryonic development 24,31

HOXA1–13 DNA-binding Embryonic development 83

HOXD cluster DNA-binding Embryonic development 84

DACH Transcription factor Embryonic development 20

NEUROG1 DNA-binding Embryonic development 25

HOXC8 DNA-binding Embryonic development 38

OTX2 DNA-binding Embryonic development 28

CTGF Growth-factor signalling Cell growth/proliferation 26

PAX6 DNA-binding Embryonic development 85

RUNX2 DNA-binding Skeletal development 86

*Between mammals and fish. The molecular function and biological process of each gene were obtained from the Gene Ontology
Consortium database (see online links box).
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imposed by pathogen–host interactions and competi-
tion among sperm from different males to be the first to
fuse with the egg57. More recently, genes that are believed
to be involved in supporting an expanded brain58, the
ability to articulate sounds59, the maintenance of gen-
omic integrity60, the development of masticatory mus-
cles and the determination of jaw bone size61 have been
found to be undergoing adaptive evolution in humans,
indicating that adaptive evolution has occurred for a
wide variety of genes in the human genome.

The availability of genome sequences from humans,
chimpanzees and mice recently allowed an unbiased
genome-wide survey to identify positively selected genes
in humans62. In that study, Clark et al. determined that
~9% of the exon-coding sequences, many of which
could be putatively linked to physiological differen-
ces between humans and chimpanzees, have under-
gone adaptive evolution in the human lineage. These
human–chimpanzee comparisons support the idea that
small incremental changes in protein sequences might
underlie at least part of the phenotypic diversity
between humans and their closest phylogenetic rela-
tives. Although the identification of adaptively evolving
genes does not prove that the positively selected amino-
acid replacements altered the function of the resulting
protein, we might predict that they frequently occur at
functionally important sites, indicating an obvious
starting point for functional analyses63,64.

Adaptive evolution in non-coding sequences. Can we
expect that the availability of the draft sequence of the
chimpanzee genome will support an advance in the iden-
tification of those adaptive changes in non-coding func-
tional elements that Wilson and King predicted to be
important in human evolution? Unlike in coding seq-
uences, we do not know how to differentiate neutral
from functional changes in non-coding sequences.
This stems in part from our incomplete understanding
of functional non-coding elements of the genome. Of
those, the best understood are gene regulatory elements
to which transcription factors bind, such as promoters,
enhancers and locus control regions. The degeneracy of
TFBSs65 makes it difficult to use these sequences as a
regulatory equivalent of the genetic code. For these rea-
sons, it will be difficult with sequence comparisons
alone to identify adaptive changes in gene regulatory
elements that distinguish humans from chimpanzees:
extensive experimental validation will be required66,67.
Although the sequence of the chimpanzee genome will
probably provide limited insights into the regulatory
origin of human traits, it will certainly reveal small-
and large-scale genomic rearrangements that con-
tribute to the DNA differences between chimpanzees
and humans. Studies that compare the sequence of
human chromosome 21 to the corresponding chim-
panzee chromosome68,69 have already shown that inser-
tions and deletions occurred frequently during primate
evolution and that they are an important component of
genome differences between humans and chimp-
anzees. Duplications and deletions of gene- or regula-
tory element-containing regions will probably contribute

Human–chimpanzee comparisons to identify genes that
undergo adaptive evolution in humans. The extremely
high degree of similarity between proteins from
humans and chimpanzees prompted Wilson and King
to suggest in a classic paper three decades ago that physi-
ological differences between these two species would
probably be explained by sequence changes not in genes
but rather in regulatory elements50. Although this might
still be the case, the increasing availability of sequences for
humans and chimpanzees, and the development of sensi-
tive computational tools for detecting POSITIVE SELECTION in
protein-coding sequences51,52, have allowed investigators
to show that small sequence changes within the coding
regions of genes also have an adaptive role in human
evolution. Many of the genes that were first found to be
under positive selection (BOX 4) are involved in the
immune response53 and in sexual reproduction54–56.
These two classes of gene are known to be highly diver-
gent among related species, an observation that is prob-
ably explained by the strong evolutionary constraints

POSITIVE SELECTION 

A sequence change in a species
that results in increased fitness is
subject to positive selection. As a
consequence, the change
normally becomes fixed, leading
to adaptive evolution of that
species.

Box 3 | Phylogenetic shadowing

Phylogenetic shadowing
analyses sequence
variation in a multiple
alignment to identify
regions that accumulate
variation at a slower rate.
Each position in the
multiple alignment is
fitted to a phylogenetic
model to calculate the
likelihood that the
position is evolving at a
fast or a slow rate (a).
Generally, positions with
several sequence
differences in multiple
branches of the
phylogenetic tree are more
likely to be evolving at a
fast rate, and in turn
identify the least variable
regions (b). The slowly
evolving regions often
correspond to functional
sequences.

The use of highly similar
sequences minimizes
ambiguity in the
computation of the
multiple alignment.
Moreover, the
phylogenetic tree that
relates the data is easy to
infer and facilitates the
comparative assembly of
draft sequence from non-
human primates to the
reference human genome. Slow evolving sites

Slow (constrained) rate:
likelihood (slow)

Fast (non-constrained) rate:
likelihood (fast)
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that such comparisons are fruitful for the identification
of functional sequences that are shared with other
species as well as those that are unique to our species.

Future outlook
Genome comparisons at the extremes of the evolution-
ary range have important advantages and limitations.
Distant species comparisons help to reveal a subset of
extremely conserved non-coding elements shared
between all vertebrates that are associated with an easily
accessed function. However, these elements are not
distributed uniformly across the genome but tend to
cluster around a small subset of genes, thereby limiting
their general application. Of particular interest is that
they tend to be clustered around DNA- and RNA-
binding proteins that are expressed early in develop-
ment, indicating that this category of gene regulatory
elements might have fundamental constraints for the
viability of the developing organism. At the other end of
the scale, primate comparisons allow the identification
of primate-specific functional elements, which are
unavailable from more distant species comparisons.
However, they lack the statistical power to identify short
stretches of conservation, such as those that correspond
to individual TFBSs. The annotation of the human
genome to this level of resolution will probably require
the simultaneous analysis of several mammalian species
that are separated by similar, intermediate evolutionary
distances8,72 (BOX 1).

The ability of multiple species comparisons to reveal
fine-scale features, such as individual TFBSs, has been
elegantly shown in an analysis of four related yeast
species by Kellis et al.7. Cooper et al. estimated that the

in some cases to differences in gene-expression levels
between chimpanzees and humans.

Comparative genomics within a single species. The suc-
cessful application of phylogenetic shadowing raises a
more compelling question: is it possible to use the
sequence polymorphisms found in human populations
to annotate the human genome? Such an approach
would circumvent many of the problems connected
with using model organisms, such as their divergence in
physiology and sequence. Although the low degree of
polymorphism in humans makes such studies challeng-
ing at first glance, the marked acceleration of human-
genome resequencing that will probably occur in the
future might make this strategy feasible. Preliminary
studies that involve the resequencing and analysis of
genomic intervals from many Ciona intestinalis individ-
uals — an organism with high polymorphism fre-
quency — have indicated that intra-species sequence
comparisons can be successfully used to identify gene
regulatory elements and exons (D.B. and E.M.R.,
unpublished observations).

The complexity of human-population dynamics and
haplotype structure make it difficult to estimate the
number of individuals required to apply this approach to
humans. Nonetheless, a simple extrapolation of the data
from Yu et al.70 indicates that sequencing fewer than
1,000 individuals would yield 0.3 SNPs per site, a num-
ber that is comparable to that used in previous studies9.
Although it is probable that the number of individuals
required for intra-human comparative genomics will
turn out to be greater than this estimate, the predicted
increase in human genome resequencing71 should prove

Box 4 | How do we identify adaptively evolving genes?

Comparing the sequence
of a gene between two
related species reveals
the nucleotide changes
that have occurred since
their last common
ancestor. An important
problem in the search
for genes that undergo
adaptive evolution is
distinguishing the
changes that have been positively selected from the neutral ones. The redundancy of the genetic code comes to the
rescue, allowing us to distinguish two types of change in exon-coding sequences: synonymous substitutions (those that
leave the encoded amino acid unchanged and are therefore selectively neutral; d

S
), and non-synonymous substitutions

(those that result in a change in amino-acid sequence and are subject to selection; d
N
). The ratio of non-synonymous to

synonymous substitutions, d
N
/d

S
, indicates the type of selection that a gene is subject to. An excess of non-synonymous

substitutions in pairwise sequence comparisons (d
N
/d

S
>1) indicates that 1 of the 2 sequences is undergoing positive

selection. To determine in which lineage positive selection occurred, however, the sequence of a third species is needed.
Increases in d

N
/d

S
ratios can also result from a decrease in effective population size or a relaxation of selective

constraints. Evidence of a ‘selective sweep’ is often sought to discriminate between these two possibilities and positive
selection77. If a change in a gene is positively selected, linked neutral variation ‘hitchhikes’ along with the selected site78.
After the selected change has ‘swept’ through a species, variation begins to build up again around it, resulting in an excess
of rare polymorphisms as a signature of the sweep. Selective sweeps can only be used to reveal recent episodes of positive
selection. With time, new mutations will occur and recombination will break the linkage between selected and neutral
variants, removing the evidence of the sweep.

Favoured 
variant

Selective
sweep

Mutation/
recombination

Neutral
variant
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